Using Landau-Ginzburg-Devonshire (LGD) theory for BiFeO 3 dense fine-grained ceramics with quasispherical grains and nanosized inter-grain spaces enriched by elastic defects, we calculated a surprisingly strong size-induced increase of the AFM temperature caused by the joint action of rotomagnetic and magnetostrictive coupling. Notably that all parameters included in the LGD functional have been extracted from experiments, not assumed. Complementary we performed experiments for dense BiFeO 3 ceramics, which revealed that the shift of antiferromagnetic transition to T N ~690 K instead of T N~6 45 K for a single crystal. To explain theoretically the result, we consider the possibility to control antiferromagnetic state of multiferroic BiFeO 3 via biquadratic antiferrodistortive roto-magnetic, roto-electric, magnetostrictive and magnetoelectric couplings. According to our calculations the highest is the rotostriction contribution, the magnetostrictive and electrostriction contributions appeared smaller.
The original part of the paper is organized as follows. The impact of rotomagnetic, rotoelectric and magnetoelectric couplings on the AFM transition of BFO is presented in Section II. Experimental results are analyzed Section III. Section IV is devoted to the discussion of the agreement between theory and experiment. Section V is a conclusions.
II. THEORETICAL DESCRIPTION
Rotomagnetic coupling is described by the term ( ) l
, where L i is antiferromagentic order parameter. Rotoelectric coupling is described by the term , where ξ l k j i ijkl P P Φ Φ ξ ijkl is the rotoelectric coupling coefficient, is the spontaneous polarization vector, i P i Φ are the spontaneous oxygen octahedra tilt angles [9] . Biquadratic magnetoelectric coupling is the coupling between polarization and magnetization, that is described by the term , where η
the biquadratic magnetoelectric coupling coefficient and M i is the spontaneous magnetization.
Thermodynamic potential of Landau-Ginzburg-Devonshire (LGD) type that describes antiferromagnetic (AFM), ferroelectric (FE) and antiferrodistortive (AFD) properties of BiFeO 3 , including the rotomagnetic, rotoelectric and magnetoelectric biquadratic couplings includes the AFD, FE, AFM contributions and the coupling ( BQC G ∆ ) among them [27] , as well elastic energy ( ELS G ∆ )
including electrostrictive, magnetostrictive, and rotostrictive contributions existing in a strained media:
Below we are mainly interested in R3c phase that has nonzero existing below Neel temperature. The AFD energy in the R3c phase is a six-order expansion on the oxygen tilt and its gradients,
Here are components of pseudovectors, determining out-of-phase static rotations of oxygen octahedral groups (eigenvectors of AFD modes of lattice vibrations), and Einstein summation convention is employed. i Φ FE energy is a six-order expansion on the polarization vector and its gradients, 
AFM energy is a fourth-order expansion in terms of the AFM order parameter vector and its gradient because this phase transition in BiFeO AFM G ∆ i L 3 is known to be the second order one.
In accordance with the classical LGD theory, we assume that the coefficients and are temperature dependent according to Barrett 4 Here are elastic compliances tensor components, are electrostriction tensor components, are rotostriction tensor components and are magnetostriction tensor components for AFM order parameter L. All coefficients in the thermodynamic potential (1)-(5) were extracted from experimental results in Ref. [27] , except for rotostriction, electrostriction and magnetostriction ones, which were determined in this work from independent experimental data in Appendix A. So that all parameters included in the LGD functional parts (1)-(6) are extracted from experiments and not chosen within "a reasonable range".
Let us apply the thermodynamic approach based on the free energy (1)-(6) to a dense finegrained BFO ceramics, for which the grain size R varies from several tens nanometers to several microns, and the grains are separated by a stressed inter-grain shell of thickness (5 -50) nm. [see Fig.1(a) ]. The stresses can originate from many different sources, such as surface tension itself, as well as from chemical pressure in the regions enriched by e.g. oxygen vacancies and/or other defects such as Fe clusters. Below we will show that the contributions of both these sources into the total stress are additive, and, therefore hardly separable in many cases. This statement will be approved below mathematically.
For the case of densely packed spherical grains of radius R, which equatorial cross-section is shown in Fig.1(b) , the ratio of the grains volume to the inter-grain space can be elementary calculated
. The ratio of core volume to the total "shell + inter-grain" volume is smaller than 0.91, namely 
Hence the significant part of the ceramics with densely packed identical spherical grains should be regarded affected by the surface, as well as by the chemical pressure created by the elastic defects accumulated in the grain shells and inter-grain spaces. In reality the grains are non-spherical, different in size and so packed much more densely reducing the part of the inter-grain space dramatically. 
Let us limit our consideration by the most common intrinsic surface stresses [32, 33, 34,] coupled with Vegard strains (chemical pressure) [8, 35, 36] acting on both polarization P, tilt Φ and AFM order parameter L via the electrostriction, rotostriction and magnetostricton couplings, respectively. Also we regard that depolarizing field acting on ferroelectric polarization inside the grain is negligibly small due to the screening charges. Within these assumptions the radial component of the ( )
Here r is the distance from the grain centre. [36] . Note that Vegard tensor is usually diagonal for oxygen vacancies in perovskites, but not isotropic [36] . Notably, "compositional" Despite the concentration is much higher than the defect concentration in a bulk [39] , such values are typical for vacancies segregation near the surface due to the strong lowering of their formation energy at the surface [40, 41] .
Let us average the total stress
in Eqs. (7) over the grain volume
under the condition . Using calculations listed in Appendix D the averaging yields
As one can see from the explicit form of the "total stress" parameter η, its first term (~µ) originates from the intrinsic surface stress, and the second term (~) originates from the excess chemical pressure. Thus Eq.(8) proves that the of both chemical pressure and surface tension sources of the stresses contribute into the total stress additively, and, therefore hardly separable in many cases. Assuming that the coupling between AFM and AFD, AFM and FE order parameters are weak, the decoupling approximation is valid with high accuracy, and so the renormalized AFM transition temperature for a quasi-spherical grain of radius R covered by a thin shell of thickness acquires the
The shift of T N in Eq. 
Rotomagnetic and rotoelectric coupling contributions to the shift (9) are different in sign because the sum = −2.18 ×10 11 12
2
R R + 18 m −2 is negative, and sum 12 11 2Q Q + =0.0235 m 4 /C 2 appeared positive for BFO (see Table I ). According to the estimates (10) the highest is the rotomagnetic contribution, magnetostrictive one is a bit smaller, and the rotoelectric contribution is about an order of magnitude smaller. [27] ) ( 111 P a m 9 J/(C 6 ) 11.2×10 9 [27] κ [42] We show the dependence of the AFM transition temperature on the grain radius R in Fig. 2(a) and analyze its rotoelectric, magnetostrictive and rotomagnetic contributions in Fig. 2(b) . AFM T From Fig.2(b) the size-induced increase of the AFM temperature is caused by the rotomagnetic and magnetostrictive couplings. The rotoelectric coupling leads to the decrease AFM transition, and the shift is several times smaller than the increase caused by rotomagnetic coupling accordingly to the estimates (10). 
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III. EXPERIMENTAL RESULTS
A polycrystalline BFO sample prepared by a two-stage solid-state reaction technique [43] was characterized by a single phase rhombohedral structure described by R3c space group [44] . The XRD data affirmed a chemical homogeneity of the compound with an accuracy of about 3% which is conditioned by the precision of a conventional X-ray diffractometer [ Fig. 4(c) ]. The synthesis conditions used to prepare the sample, viz. quite high final sintering temperature of 880°C applied for a short time period (10 min) allowed getting the high purity compound with a typical grain size of about 1-5 µm coexisting with an intergranular texture. The compound is characterized by an increased amount of the intergranular texture which volume fraction is about 1% as confirmed by the SEM measurements which is significantly larger that the values attributed to similar compounds prepared by conventional solid state reaction technique. It assumed that the structure of intergranular texture is highly defective because of a numerous dislocations, inhomogeneous stress distribution, local variations of the chemical composition while it's characterized by quite high chemical inhomogeneity
as confirmed by the XRD measurements [ Fig. 4(c) ].
Temperature dependencies of magnetization were measured in zero field cooled (ZFC) and
field cooled (FC cooling) modes in the temperature range 300 -1000 K under magnetic field of 1kOe with a slow scan rate (2 seconds per measuring point, accuracy ~ 0.1 K). Small value of remnant magnetization [ Figs. 4(a,b) ] is associated with weak ferromagnetic state which becomes pronounced due to a disruption of the spatially modulated magnetic structure occurred in the vicinity of numerous structural defects specific for the compound. Temperature dependent magnetization measurements allowed to observe the significantly shifted antiferromagnetic transition temperature (T N ~690K) as compared to the widely noted value of 640 K specific for the single crystal BFO [45, 46] [see Fig.4(b) ]. SEM images of the dense ceramics for different magnifications are shown in Fig.4(d) It should be noted that the magnetic transition temperature is shifted towards high temperatures for both FC and ZFC curves, and the difference in the magnetic anomalies observed at both magnetization dependencies is about 10 K and cannot be caused by some drawbacks in the measuring procedure. FC and ZFC curves do not merge above T N because the magnetization data testify a presence of the magnetic impurity (viz. γ-Fe 2 O 3 phase with a volume fraction of less than 1% as confirmed by the XRD measurements), which forms notable "background" into the magnetization curves lasting up to a temperature above 900 K, one should note similar behavior of the temperature dependencies of magnetization observed for the single-crystal and ceramic BiFeO 3 [45, 47] . Assuming negligibly small amount of the mentioned magnetic impurity one should not consider any significant effect on the magnetic transition temperature of the compound. The increased value of magnetic transition temperature can be explained by a joint action of magnetostriction and rotomagnetic effects which are usually very small in a homogeneous bulk BFO crystal and leading to the temperature shift of about (0.5 -5) K. These effects can be much more pronounced in ceramics due to the internal intergranular stresses. In this sense relevant phenomenology will allow some insight to the intrinsic stress and strain gradients.
IV. DISCUSSION
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) )
To relate the above theoretical estimates with the experimental results shown in Fig.4(a Hence the proposed theoretical model can explain experimental data shown in Fig.4(a) only qualitatively, because it gives the increase of AFM T above 45 K for fine-grained ceramics with significant amount of grains with radius smaller than 250 nm. The one order of magnitude discrepancy between the average grain sizes required from the theoretical model (less than 500 nm) and experiment (about 5 µm) to reach increase of 
V. SUMMARY
Using Landau-Ginzburg-Devonshire theory for BiFeO 3 dense ceramics with quasi-spherical micron sized grain cores and nanosized inter-grain spaces we calculated a surprisingly strong size-induced 13 increase of the AFM transition temperature caused by the joint action of rotomagnetic effect and magnetostriction coupled with elastic stresses accumulated in the inter-grain spaces. The rotoelectric coupling leads to the decrease of AFM transition temperature, and the shift is several times smaller than the increase caused by rotomagnetic coupling.
Also we performed experiments for dense BiFeO 3 ceramics, which revealed that the AFM transition was observed at T N ~690 K instead of T N~6 45 K for a single crystal. To explain qualitatively the result we consider the possibility to control AFM properties of multiferroic BiFeO 3 via biquadratic antiferrodistortive rotomagnetic, rotoelectric and magnetoelectric couplings. To reach quantitative agreement between the theoretical model and experimental data one could also consider low symmetry phases [48, 49] with possibly higher impact of the rotomagnetic coupling and other LG parameters. [51] , while solid line is for the extrapolation of a 0 to lower temperature (see text). Note that the exact structure of the phase above 900 °C is not known for certain.
In order to estimate the spontaneous strain components one should use an extrapolated lattice constant of high temperature "virtual" cubic phase in the following form ( )
Since available experimental data (see Fig. S1 ) do not allow determination of thermal expansion T α for cubic phase, we'll use T α as a fitting parameter. The spontaneous strain components could be found from lattice constants as follows: In order to get the rotostriction coefficients from the experimental results ( Fig.S2 ) one has to consider temperature dependences of order parameters of Pbnm phase (see Fig. S3 ). Here we express tilt vector components via corresponding displacements of oxygen ions. S3 . Temperature dependences of order parameters for orthorhombic phase from Arnold et al [50] , namely out-of phase tilts (triangles) and in-phase tilts (boxes). Lines represents simple fitting with linear temperature dependences.
Here we fit "tilts" with simple linear temperature dependence since tilt variation is small in all the temperature region of interest. Next we recall the phenomenological relations between the lattice constants (spontaneous strain) and "tilts". Here we used so called orthorhombic setting corresponds to the rotation of the psedo-cubic unit cell on the angle π/4 around rseudocubic axis [001], so that unit cell is the rectangular parallelepiped with sizes a, b and c. 
In addition, it is useful to introduce strain in pseudo-cubic reference frame: Table S1 . The deviation of calculated strain (triangles) from experimentally derived one (diamonds) below about 350 °C could be explained by the emergence of antiferromagnetic phase.
Appendix B. Derivation of transition temperature
Using the scalar approximation for all tensors in Eqs.(2)- (7) and expression (8) for intrinsic stresses, the order-parameter dependent part of the free energy (1) acquires the form 
Assuming that the coupling between AFM and AFD, AFM and FE order parameters are weak, the decoupling approximation is valid in Eq.(9) with high accuracy, From these equations the approximate expressions for the spontaneous values are .
. So the renormalized coefficient for AFM order and AFM transition temperature acquires the form:
In the set of coefficients used in the main text Where we already used that ≈ α
Appendix C. Antiferromagnetic phase in BiFeO 3
In the antiferromagnetic phase additional order parameter, (anti)magnetization L s appears. Here we consider free energy dependence on the order parameter :
Here L α is temperature dependent, while L β is usually constant, σ is the elastic stress tensor, Z is the antimagneto-striction coefficient. Spontaneous value of the (anti)magnetization is
Corresponding contribution to free energy for mechanically free system is with experimentally observed dependence (see Fig.S5a ) one could get the value of "hydrostatic" trace of antiferromagnetic striction tensor 12 11 2Z Z + (see Fig.S6 ). 
